The effects of primary recrystallization on secondary recrystallization in grain oriented 3% Si steels were experimentally clarified and unidentified microstructural behavior in the incubation stage of secondary recrystallization was verified. A secondary recrystallization mechanism from the incubation period to the growth stage is suggested by identifying microstructural changes based on grain orientation, texture, and misorientation.
Introduction
One of the important technologies in manufacturing grain oriented electrical steels is slab reheating at fairly low temperatures, as this is the prerequisite to determination of final recrystallization behavior. In the conventional method for heating to high temperatures over 1 400°C, the MnS precipitate is used as an inhibitor. Recently developed heating technology using AlN inbibitors instead of MnS has made it possible to lower slab reheating temperature to 1 300°C resulting in reduced energy consumption. In high temperature reheating, it is known 1) that primarily recrystallized grains must be small in order to increase grain boundary energy and thus provide a driving force for grain growth in secondary recrystallization. However, in low temperature reheating, the optimum grain size for primary recrystallization is obtained so that stable magnetic properties can be secured. 2) In the present work, the relationship between the primary recrystallization grains and texture is clarified and the influence of these factors on secondary recrystallization is analyzed on the basis of microstructure and texture. Furthermore long time is required for heating stage of the secondary annealing which is the incubation time of the secondary recrystallization; a very important process in developing secondary recrystallization. Microstructure analysis in this process is emphasized and is the major subject of the present study.
Experimental Procedure
The testing steel was hot rolled from slabs reheated to 1 250°C in a hot strip mill and cold rolled to the aimed thickness. Its chemical composition is shown in Table 1 . The cold rolled samples were annealed for primary recrystallization using a batch annealing furnace simulator. Primary annealing was performed with a heating time of 90 s and holding time of two minutes at 1 200°C in an atmosphere of the mixture gas of 25 % H 2 and 75 % N 2 with 1 % NH 3 at the due point of 53°C and a gas flow of 10 L/min. Secondary recrystallization annealing was carried out with the heating cycle illustrated in Fig. 1. 
Results

Primary Recrystallization Annealing
The amount of remaining nitrogen and carbon after primary recrystallization at various temperatures is shown in Table 2 . The residual nitrogen decreased with an increase in temperature because nitriding reactions are difficult as temperature goes up. Figure 2 illustrates grain size after primary recrystallization annealing and the effect of primary annealing on magnetic properties after secondary recrys- Table 1 . Chemical composition (wt%) of test samples. tallization annealing. Magnetic flux density increases until the temperature reaches 900°C and shows a maximum of 1.9 T. The grain size reveals 25 mm at this temperature, but magnetic flux density decreases significantly at 950°C while grain size increases up to 32 mm. The size distribution of primarily recrystallized grains depending on annealing temperature is shown in Fig. 3 in temperature. The grains less than 20 mm are obtained mainly at the low temperature of 800°C and gains larger than 20 mm are obtained at the high temperature of 950°C. The ODFs of the primary recrystallization corresponding annealing temperature are illustrated in Fig. 4 . In the (j 2 ϭ45°section the low primary annealing temperature at 800°C reveals strong {110}͗001͘ orientation at which intensity decreases with an increase in annealing temperature, while the Goss texture at the (j 2 ϭ0°and 90°increases with rising primary annealing temperature. Figure 5 reveals the distribution of misorientation from the {111}͗112͘ orientation depending on primary recrystallization temperature. As the temperature decreases, the misorientation angles which are deviated from the {111}͗112͘ orienatation increase. Misorientation difference between the low temperatures of 800°C and the high temperature of 950°C is large. The misorientation from the Goss texture of {110}͗001͘ is illustrated in Fig. 6 . With an increase in temperature, misorientation angles increase in the accumulative frequency, which means the {110}͗001͘ orientation, different from the {111}͗112͘ orientation, is highly misoriented as temperature increases. On the other hand, this result is in good accordance with the fact that larger grains have larger misorientation. As seen in Fig. 2 , the magnetic property appears best at the primary recrystallization temperature of 900°C because the grain size of the primary recrystallization influences the development of texture. Thus in order to investigate the effect of primarily recrystallized grain size on magnetic property, it is necessary that the grain size is classified into a small group less than 26 mm and a large group bigger than 37 mm, and that the relationship between grain size and texture is assessed. The reason for classification into two groups is because the average grain size revealing the best magnetic property at the primary recrystallization temperature of 900°C is 26 mm and 10 % of the whole grains shows larger than 37 mm.
The misorientation of two grain groups for the {110} ͗001͘ and {111}͗112͘ orientations is revealed in Fig. 7 . The small grain group is more likely close to the {111}͗112͘ orientation compared to the large grain group. This means that the small grains hardly escape from the {111}͗112͘ orientation but the large grains easily escape from this orientation. The large grains are more likely close to the {110}͗001͘ orientation. That is, the large grains have more {110}͗001͘ orientation than the small grains. This result proves that the Goss texture develops with increasing grain growth. The large grain group is more strongly oriented to the ͗001͘ axis in the rolling direction than the small grain group. These two groups, as seen in the ODFs in Fig. 8 , show an apparent difference in their orientation. It is evident that the small grains develop {111}͗112͘ orientation and the large grains {110}͗001͘ orientation. Figure 9 shows the distribution of CSL boundaries for the two different grain size groups. Generally S9 and S19a CSL boundaries are useful for the development of secondary recrystallization. In the present work the S9 boundary exists more in the large grain group and the S19a boundary is contained more in the small grains.
Secondary Recrystallization Annealing
The effect of primary recrystallization annealing on secondary recrystallization was investigated. The grain size of the secondary recrystallization versus secondary annealing temperature is illustrated in Fig. 10 . By increasing the primary recrystallization temperature, the temperature initiating secondary recrystallization also increases. For the primary annealing temperatures at 800 and 850°C secondary recryastallization occurs rapidly at 950°C; for the higher primary annealing temperature at 900°C it starts at 1 050°C. However, at the highest primary annealing temperature of 950°C secondary recrystallization is not complete until 1 050°C and only normal grain growth occurs up to 1 100°C. In case of the primary annealing temperature at 900°C, in order to investigate the change of texture during secondary annealing, the ODFs for various temperatures are illustrated in Fig. 11 , but, as expected, the apparent evolution of texture did not take place until secondary recrystallization occurred. That is, even though secondary recrystallization proceeds as temperature increases, the Goss texture shows little increase.
In order to see how the change of misorientation deviated from the major orientations of {110}͗001͘ and {111}͗112͘ occurs in the secondary recrystallization process, the distribution of misorientation depending on the secondary annealing temperature is shown in Fig. 12 . The misorientation from the {110}͗001͘ orientation shows a peak at around 40°regardless of the secondary annealing temperature. Misorientation angles which deviated from the {111}͗112͘ orientation show a similar distribution to those from the {110}͗001͘ orientation. It seems that the misorientation has a tendency showing an apparent increase between 25°and 40°. In Fig. 13 , the frequency of misorientation angles ranging from 25°to 40°with secondary annealing temperature is shown. With increasing temperature the {111}͗112͘ orientation shows less change but the {110}͗001͘ orientation has an increase. Figure 14 reveals how the frequency of low angle boundaries with misorientation angles less than 15°around the large and small grains changes as secondary recrystallization procees. The number of low angle boundaries around the small grains is more than that around the large grains. The low angle boundary frequency of the small grains increases until 900°C and decreases from 900°C but low angle boundaries of the large grains decrease at 950°C.
Discussion
It is known that fine primary recrystallization grains are helpful for obtaining good magnetic properties in manufacturing electrical steels with high magnetic flux densities by the high temperature slab reheating method. As the fine grains in primary recrystallization increase secondary recrystallization driving force, secondary recrystallization develops easily and the ͗001͘ axis of the Goss texture prefers to arrange along the rolling direction; thus good magnetic properties are obtained. On the other hand, in the low temperature slab reheating process, primarily recrystallized large grains are known to be useful for obtaining good magnetic properties. For high reheating temperatures the primary recrystallization grains are less than 10 mm but the low reheating temperature results in a large grain of about 25 mm providing good magnetic properties. 3, 4) Similar results are obtained in the present work as seen in Fig. 2 in which magnetic properties appeared best for a primary recrystallization grain size of about 27 mm.
It is clear that in manufacturing GO steels by low temperature reheating, the larger the primarily recrystallized grains are, the higher the recrystallization temperature is, which is in good accordance with the results of Harase et al. 5) As though primary recrystallization grain size increases with increasing primary recrystallization temperature, the existence of the optimum primary recrystallization grain size suitable for magnetic properties was ascertained to be 26 mm obtained at 900°C as indicated above. As small primary recrystallization grains enhance the restriction of secondary recrystallization, primary grain size significantly influences secondary recrystallization. In the present study, two primary recrystallization grain size groups were classified to investigate the effect of primary recrystallization grain size on the development of secondary recrystallization. Grain orientation depends on grain size in primary recrystallization. As seen in Fig. 7 , for large grains over 37 mm, the {110} plane forms strongly but the {111} plane is perfectly developed for small grains below 26 mm. The large grains are preferably oriented to the ͗001͘ axis and thus the Goss texture of the {110}͗001͘ orientation is well developed.
It was evident that the increase of primary recrystallization temperature increased the primarily recrystallized grain size. The texture of these grains, as illustrated in the ODFs in Fig. 5 , shows that the low primary annealing temperature reveals an increase of the {111}͗112͘ orientation but the high temperature increases the {110}͗001͘ orientation. During secondary recrystallization annealing, the Goss texture of the {110}͗001͘ orientation obtained in primary annealing, which acts as a recrystallization seed, is biased to the orientation of the large grains and the {111}͗112͘ orientation, providing a site for the recrystallization is close to the orientation of the small grains. From these results, it can be assumed that large grains contribute to the incubation and nucleation of secondary recrystallization and those small grains contribute to the recrystallization nuclei growth stage. Grain boundary migration initiating secondary recrystallization grain growth appeared in re- lation to grain misorientation. Hayakawa and Szpunar 6) reported that grain boundaries with misorientation angles from 20°to 45°revealed fast migration. In the present work, as seen in Fig. 7 , the number of large grains with misorientation angles over 25°against Goss orientation was much more than that of the small grains. It is therefore assumed that small grains are easily encompassed by the large ones during the migration of Goss grains at the early stage of secondary recrystallization. According to Hayakawa and Szpunar, 6) there are many grains with misorientation angles from 20°to 45°which deviate from the Goss orientation in primarily recrystallized microstructures, but grains with these misorientation angles after secondary recrsytallization decrease remarkably in number, which is in good accordance with the present result. However, grains with misorientation angles of 25-40°from the Goss texture increase numerically at the early heating stage of secondary recrystallization, from which it is assumed that the early stage can not provide enough driving force for the occurrence of secondary recrystallization but rather provides the conditions for the following recrystallization.
As seen in Fig. 10 , in the case of secondary recrystallization annealing at various temperatures after primary annealing at 900°C, grain growth proceeds positively and the misorientation change is recognized during recrystallization but Goss texture intensity does not increase noticeablly (Fig. 11) . The texture develops during primary recrystallization and barely changes during grain growth before secondary recrystallization.
As evidenced in the above discussion, primarily recrystallized large grains contribute to the early stage of the secondary recrystallization and small grains contribute to the recrystallization period. As low angle boundaries migrate slower than large angle boundaries, the latter have faster boundary migration at the early stage of secondary recrystallization. The boundary migration rate greatly depends on grain boundary characteristics. The factors influencing boundary migration are then presumably boundary surface area and misorientation.
In the secondary recrystallization incubation period in which the texture change is not significant but the misorientation change is remarkable, growth of primarily recrystallized grains proceeds regardless of the secondary recrystallization nucleation. From the distribution of misorientation angles of 25-40°which have boundaries with a high migration rate as suggested by Hayakawa and Szpunar, 6 ) the proportion of misorientation angles of 25-40°decreases during the heating stage of secondary annealing but Goss texture with misorientation angles of 25-40°increases a lot. Other phenomena at this incubation time are the increase and decrease of the number of low angle boundaries. During the incubation period in which recrystallization is hindered by the AlN precipitates, as the grain growth is not active, the boundary movement is then assumed to occur by low angle boundary wetting. 7, 8) In the present work, as seen in Fig. 14, the number of low angle boundaries increases by increasing the secondary annealing temperature up to 900°C, which is in accordance with previous works. 7, 8) However, as restriction due to precipitates generally weakens at high temperatures and precipitate resolution becomes active at the high angle boundary instead of the low angle boundary, the former boundary with misorientation angles of 25-40°moves actively and the latter decreases in number relatively. The reduction of these low angle boundaries consequently results in the nucleation of secondary recrystallization. In the nucleation stage, the large grains are closely related with Goss texture compared to small grains and thus the Goss nuclei migrate easily into the large grains. During the secondary recrystallization growth stage followed by nucleation, the {111}͗112͘ orientation related to the CSL S9 boundary contributes to the development of the Goss texture.
Conclusions
The effect of primary recrystallization on secondary recystallization in grain oriented 3 % Si steels was ascertained experimentally and, of note, the unidentified microstructural phenomena during the incubation stage of secondary recrystallization were solved. The summary of the present results is as follows and is suggested as a secondary recrystallization mechanism in GO steels.
(1) In primary recrystallization, most grains smaller than 26 mm have {111}͗112͘ orientation and most grains larger than 37 mm have {110}͗001͘ orientation.
(2) During the incubation period of secondary recrystallization, primary recrystallization grain growth continues and although texture change is not noticeable, misorientation change is recognized.
(3) During secondary recrystallization nucleation stage, Goss texture nuclei form actively and the large grains of primary recrystallization provide sites for Goss orientation of secondary recrystallization.
(4) During the growth stage of secondary recrystallization, Goss grains fully grow and primarily recrystallized grains provide a place for the growth of secondary recrystallization Goss texture.
